Objective: Diffusion tensor imaging (DTI) quantifies Brownian motion of water within tissue. The goal of this study was to test whether, following a remote episode of optic neuritis (ON), breakdown of myelin and axons within the optic nerve could be detected by alterations in DTI parameters, and whether these alterations would correlate with visual loss.
evaluated whether quantitative DTI of the optic nerve could differentiate gradations of visual recovery for those with a previous history of optic neuritis (ON). Our hypothesis was that breakdown of tissue integrity would alter DTI parameters, particularly radial diffusivity (RD), in proportion to visual loss. For DTI to serve as a surrogate of myelin and axon integrity, DTI should correlate with VEP latency, reflecting demyelination, and retinal nerve fiber layer (RNFL) thickness and visual evoked potential (VEP) amplitude, reflecting axonal loss.
This report expands upon our previous work by enrolling a larger number of subjects with ON due to several etiologies in addition to MS, by assessing the relationship of DTI to different categories of vision loss, and by providing a detailed analysis of the relationship between RNFL and VEP to visual function. 4 
METHODS Standard protocol approvals and patient consent. This cohort study was approved by the local Human
Research Protection Office/Institutional Review Board, and all subjects provided written informed consent.
Subject protocol. Inclusion criteria were 1) Ն1 episode of ON, at least 6 months prior, 2) age 18 -65, and 3) no other condition affecting vision. Subjects with severe onset (visual acuity [VA] Յ20/200 or 0.1) and either good (VA Ն20/40 or 0.5) or poor recovery (Յ20/70 or 0.29) were recruited to include the full spectrum of clinical outcomes.
Magnetic resonance protocol. Magnetic resonance (MR)
data were acquired using a custom fabricated transmitter coil and a 4-element phased-array flexible receiver coil on a 3T MR scanner (Allegra, Siemens AG, Germany). A vacuum-molded pillow minimized head movement. Subjects were instructed to minimize any movement and to close their eyes during the scan.
A single shot spin-echo echoplanar imaging diffusion sequence was employed with fat-suppression, and reduced field of view technique with twice refocused diffusion weighting. 5, 6 Diffusion-weighted images were acquired transaxially (field of view 168 mm ϫ 84 mm, matrix 128 ϫ 64, partial Fourier 6/8, echo time 65 msec) with 2 collated groups of 1.3-mm-thick slices. Each slice group of 5 interleaved slices (10 slices total) was cardiac gated (150 msec delay by pulse oximetry), yielding a repetition time of 4 -6 seconds. Eight to 12 image sets, each with 1 b ϭ 0 (b 0 ) and 12 diffusion-weighted images on 12 diffusion encoding directions with b ϭ 600 s/mm 2 , were acquired for each slice group. 7 Total scan time was 40 minutes.
DTI calculation. Each DTI data set was motion corrected. 8 Images with excessive movement (Ն3 mm translation) were excluded. All transforms were rigid body affine and computed by vector gradient measure maximization. 9 The b 0 volumes of each DTI data set were aligned using intensity correlation maximization. The final motion-corrected result was obtained by algebraically composing all transforms, and then averaging all data sets after application of the composed transforms using cubic spline interpolation. The final resampling step output 13 volumes with interpolated resolution of 0.65 ϫ 0.65 ϫ 0.65 mm 3 . The diffusion tensor matrix at each voxel was estimated by linear leastsquares fitting of the motion-corrected and resampled DTI dataset.
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Region of interest analysis. The region of interest (ROI) was selected manually on the b 0 image to include 15-20 consecutive voxels (9.75-13.0 mm in length) within the nerve center, starting 12-15 voxels (about 8.0 mm) posterior to the retina (figure e-1 on the Neurology ® Web site at www.neurology.org).
Outlying voxels having FA greater than 2 SD from the mean were discarded to avoid magnetic field inhomogeneity induced artifacts and incorrect diffusion calculations. Excluded outlying voxels constituted Ͻ1% of total ROI voxels, all within 6 individual nerves with a median 2 voxels involved (range 1-6). Voxels with signal-to-noise ratio (optic nerve signal vs the background noise) lower than 32 were not included. Due to low numbers in the moderate (n ϭ 6) and severe (n ϭ 8) categories, these nerves were combined and categorized as severe. Rank correlation coefficients were obtained by randomly selecting a single nerve from each subject, with 1,000 repetitions. All diffusion parameters correlated strongly with visual outcomes. Of the DTI parameters, RD had particularly high correlations with all visual outcomes, including VA (r ϭ Ϫ0.61, p Ͻ 0.001), PR (r ϭ Ϫ0.60, p Ͻ 0.001), and 5%CS (r ϭ 0.61, p Ͻ 0.001) (table 2) . Mean diffusivity correlations with visual outcomes were similar, as radial and mean diffusivities were highly correlated (r ϭ 0.98, p Ͻ 0.001). Axial diffusivity and fractional anisotropy (FA) displayed strong correlations with visual outcomes, but lower than those found for radial and mean diffusivities (table 2) . The 4 DTI parameters revealed a similar hierarchy of discrimination among VEP measures and OCT, with radial and mean diffusivities again having the highest correlations. In particular, RD strongly correlated with RNFL thickness (r ϭ Ϫ0.78, p Ͻ 0.001), VEP latency (r ϭ 0.61, p Ͻ 0.001), and VEP amplitude (r ϭ Ϫ0.46, p Ͻ 0.001) (table 2, figure 1 ).
RESULTS

All diffusion parameters discriminated visual recovery.
RD displayed a strong relationship with visual outcome, after categorizing subjects into VA severity subgroups, as defined by the International Council of Ophthalmology of normal (Ն20/25), mild (20/ 30 -20/60), combined moderate/severe (20/70 -20/ 400), and profound (Յ20/800) (figure 1, mixed modeling p Ͻ 0.0001). RD 
Diagnoses
Clinically isolated syndrome 7
Multiple sclerosis 47
Neuromyelitis optica 14
Other ( Even when analyzing eyes with full visual recovery (VA Ն0.8, n ϭ 68), increasing RD continued to increase based upon increasing severity of vision loss at the acute nadir (repeatedmeasures analysis of variance, p ϭ 0.01). For eyes with recurrent clinical episodes of ON, each additional historical episode was associated with increasing RD (repeated-measures analysis of variance, p Ͻ 0.001).
Correlations among the 4 diffusion parameters and visual recovery were observed regardless of the etiology of the ON (MS vs CIS vs NMO). There were no discernible differences in the correlations of DTI parameters and visual recovery in patients with MS based upon differing immunomodulatory therapies.
Figure 1 Scatterplots of radial diffusivity to demonstrate correlations between optical coherence tomography and visual evoked potentials (VEP)
Radial diffusivity demonstrates high correlations with retinal nerve fiber layer (RNFL) thickness (A) and VEP measures (B, C). For VEP latency, an upper limit of 170 msec was used.
DISCUSSION
This study establishes that all DTI parameters in the anterior visual pathway correlate with clinically meaningful visual outcomes following ON due to several etiologies. Specifically, RD differentiated optic nerves of healthy subjects from the clinically unaffected fellow eye in subjects with remote ON. RD was highly correlated with all clinical outcomes and had high discriminatory ability among categories of visual recovery. We have also verified that RD demonstrates strong correlations with accepted electrophysiologic parameters (VEP latency and amplitude) and with an accepted structural surrogate of optic nerve injury (RNFL thickness by OCT). The general lack of correlation between MRI measures and clinical outcomes in MS has limited the clinical and research utility of standard MRI sequences. The clinico-radiologic paradox may be due to variability in lesion severity and in lesion location, involvement of poorly imaged cortex and deep gray matter structures, inadequate assessment of spinal cord lesions, underestimation of abnormalities within seemingly normal-appearing white matter, and individual variability in repair potential and neural plasticity. Also contributing to this "paradox" is that the clinical outcome measures for this complex neurologic disease are suboptimal. DTI can improve upon standard MRI by its ability to quantify lesion severity, as demonstrated in this study.
Studying the optic nerves removes some of the confounding variables which contribute to the MRI paradox. [12] [13] [14] [15] [16] [17] [18] [19] [20] Prior studies have reported that T1-and T2-weighted imaging of the optic nerves after ON have a low correlation with clinical outcomes, although imaging measurements of optic nerve area and magnetization transfer ratio have demonstrated good correlations. [21] [22] [23] As a relatively straight tract of single-ordered axons, whose clinical function is readily measured, the anterior visual pathway has special advantages for analyzing the relationship between DTI and outcomes compared to other CNS regions. This translational study of DTI in human optic nerve follows upon DTI studies of optic nerve injury in animals that had direct histopathologic correlation. [24] [25] [26] White matter tracts consisting of parallel axons tightly packed with myelin are anisotropic, or directional, to the diffusion of water. Chronic injury due to loss of myelin and axons leads to reduced anisotropy. This results in increased diffusion perpendicular to the white matter tract (analogous to RD), increased overall diffusivity (mean diffusivity), and decreased tissue directionality (FA). 27, 28 Axial diffusivity, as a surrogate of axonal integrity, did not correlate as well with visual and laboratory outcomes in comparison to radial and mean diffusivities. When assessed in acute injury, axial diffusivity in white matter tracts has been shown in both animal models and humans to decrease in proportion to worsening recovery. 4, 24, 29, 30 However, our prior study revealed that pathologic changes within human CNS tissue from the acute to the chronic stage resulted in axial diffusivity becoming less informative over time. 4 As myelin debris is cleared and inflammation and edema resolve, we speculate that the demyelinated axons are no longer tightly packed, and the widening interstitial space dilutes the ability of DTI to detect and measure anisotropic diffusion within axons. Hence, the present study of remote ON found a modest correlation between axial diffusivity and VEP amplitude (r ϭ Ϫ0.35), an electrophysiologic surrogate for axon loss. In MS, the dynamic evolution of inflammation, axonal injury, and myelin loss creates a challenging situation for imaging with pathology specificity, especially when the timing of inflammation relative to tissue injury is not always known. In addition to the temporal aspect, the pathology in MS is also complex and variable, with axon and myelin injury strongly linked. 31, 32 VEP was utilized in this study to help distinguish the contributions of axonal and myelin injury within optic nerves. RD was strongly correlated with VEP latency (r ϭ 0.61), a parameter associated with myelin integrity, and moderately correlated to amplitude (r ϭ Ϫ0.46), a measure associated with axonal integrity. A high correlation was also noted between RD and RNFL thickness (r ϭ Ϫ0.78). RNFL thickness also demonstrated strong correlations for both VEP measures (r ϭ Ϫ0.60 for latency, r ϭ 0.60 for amplitude). Although VEP latency is highly sensitive to confirm previous ON, VEP is not an ideal measure of clinical outcome (figure e-3). Both DTI and OCT, although less sensitive for ON detection, have advantages over VEP as a surrogate of clinical outcome and in longitudinal assessments.
Currently, OCT is more practical in the clinical setting and within clinical trials compared to optic nerve DTI, based on the greater time, cost, and technical skill required for the latter. The present study confirms that RNFL thickness is an excellent surrogate marker for optic nerve integrity. However, the 2 techniques can provide different and complementary information. Of prime distinction, DTI is not limited to the optic nerve, and can have application within white matter of the brain and spinal cord. In addition, the role of OCT during acute clinical episodes has not been defined, as recurrent retrobulbar ON may obscure the true RNFL due to retinal edema. 33 RNFL measures the retina and not the optic nerve directly and thus can be affected by other retinal diseases. The present study indicated that OCT displays a floor effect (figure e-2), whereby progressive decreases in vision among moderate through profound categories may not be associated with further thinning of the RNFL. 34 However, this floor effect with OCT may be less of an issue in a general MS population, where most individuals do not have a devastating outcome after ON.
Although very strong correlations were noted between DTI and clinical outcomes, unexplained variability remained. As an example, several optic nerves displayed both elevated RD and reduced RNFL by OCT, yet tested in the normal range on all clinical vision testing. Also, this study primarily measured central vision in its visual outcomes, not peripheral vision. Visual fields were not performed because ON preferentially affects central vision. 35 In this study, lesions within the postchiasmal visual system that may affect vision were not assessed by DTI. 36 The present study supports the ability for DTI to assess tissue injury by demonstrating a proportional relationship to functional outcomes in remote ON. DTI has demonstrated good correlation to histopathology in both animal models and humans. 37 DTI of acute enhancing lesions within the brain may also predict severe tissue injury determined by a persistent T1 hypointensity. 38 Taken together, these studies suggest that regions of elevated diffusivity within the CNS, whether symptomatic or clinically asymptomatic, correlate with functional outcomes and CNS tissue breakdown.
DTI merits further study as a clinical trial endpoint and predictor of clinical outcome in demyelinating disease of the CNS. One goal of the present study was to provide a foundation for future studies of human systems having less straightforward clinical endpoints, such as in motor control, cognition, and sensation. Although the present proof-of-concept study in optic nerve used a long scanning time and a custom-made transmitting research coil, DTI of the brain has several attributes, including practical scanning time, resolution, and complete brain coverage, and it can be implemented on current clinical scanners. DTI may have a future role in the evaluation of new therapeutics, determining prognosis by quantifying the amount of injury within an MS plaque, and monitoring the response to treatment. 
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